Two starch-degrading enzymes produced by Bacillus acidocaldarius (renamed as Alicyclobacillus acidocaldarius) were identified. According to SDS-PAGE, the apparent molecular masses of the enzymes were 90 and 160 kDa. Eight peptide fragments and the N-terminal end of the 90 kDa polypeptide were sequenced. An oligonucleotide, based on the amino acid sequence of a peptide fragment of the 90 kDa protein, was used to screen a A g t l O bank of B. acidocaldarius, and the region encoding the 90 kDa protein was cloned. Unexpectedly, the ORF continued upstream of the N terminus of the 90 kDa protein. The entire ORF was 1301 amino acids (aa) long (calculated molecular mass 140 kDa) and it was preceded by a putative ribosomal binding site and a promoter. Computer analysis showed that the 1301 aa protein was closely related to an a-amylase-pullulanase of Clostridium tkrmohydrosulfuvicurn. We suggest that the starch-degrading 160 kDa protein of B. acidocaldarius is an aamylase-pullulanase, and the 90 kDa protein is a cleavage product of the 160kDa protein. Another ORF, apparently in the same transcription unit, was found downstream from the amylase gene. It encoded a protein that was closely related to the maltose-binding protein of Escherichia coli.
Introduction
Many Bacillus spp. produce starch-hydrolysing enzymes, including a-amylases which are of great importance industrially (Vihinen & Mantsala, 1989) . a-Amylases hydrolyse the internal a-1,4-glucosidic linkages of starch at random. Usually, the a-1,6-linkages are not hydrolysed by the a-amylases, but the enzymes can bypass the a-1,6-linkages and produce branched dextrins in addition to linear oligosaccharides as end-products. However, certain a-amylases can also hydrolyse a-1,6-glucosidic linkages (Sakano et al., 1985) .
Bacillus acidocaldarius (renamed as Alicyclobacillus acidocaldarius; Wisotzkey et al., 1992) grows in acidic and hot conditions (60-70 "C) and therefore it is a potential source of exoenzymes which are active at low pH and/or high temperature. B. acidocaldarius ATCC 27009 produces a starch-degrading enzyme which *Author for correspondence. Tel. 16 88270; fax 16 84550.
The nucleotide sequence data reported in this paper have been submitted to the EMBL and assigned the accession number ~62835.
has been partially characterized. It is a thermoacidophilic endoamylase with a pH optimum of 4-5 and temperature optimum of 60-63 "C (Boyer et al., 1979) . The enzyme is not released to growth medium, but has been extracted from plate cultures (Boyer et al., 1979) . Three other thermophilic and acidophilic starch-degrading enzymes have been characterized from Bacillus spp. These enzymes have been isolated from B. acidocaldarius strains Agnano 101 (Buonocore et at., 1976) and A-2 (Kanno, 1986) , and from Bacillus sp. 11-1s (Uchino, 1982) . The pH optima of the three enzymes ranged from 2-0 to 3.5, temperature optima between 70 and 75 "C and apparent molecular masses from 54 to 68 kDa. The molecular mass of the B. acidocaldarius ATCC 27009 amylase has not been determined. Thus far none of the genes encoding these four proteins have been cloned and sequenced. Essentially, all industrially important bacterial aamylases have their pH optima close to neutral. However, some processes (e.g. silage treatment) require enzymes that are active at low pH and therefore there is also a need for acidotolerant enzymes. In this paper we describe the cloning and characterization of the gene encoding the thermoacidophilic amylase of B. acidocaldar ius . 
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Methods
Bacterial strains, plasmids and culture conditions. B. acidocaldarius ATCC 27009 was obtained from the American Type Culture Collection (Rockville, MD, USA). The culture was grown on solid medium for enzyme preparation, and in liquid medium for DNA isolation (Darland & Brock, 1971) . Escherichia coli DH5aF' was used as a cloning host for M13mp18, M13mp19, pUC19 and pBR322-based DNA constructions which were made for sequencing. E. coli strains were grown in Luria broth supplemented with ampicillin (100 pg ml-').
Enzyme assays. The Phadebas amylase test (for food applications, unbuffered ; Pharmacia) was used for quantitative amylase activity measurements. The Phadebas test is based on a blue insoluble polysaccharide polymer, which is broken down by amylase thus releasing the blue colour. A plate assay was used for rapid screening of amylase activity. In this assay samples were applied into 4 mm wells made in agar plates containing 0.2% soluble starch (Merck), 20 mMCaCl,, 50 mM-Na acetate (PH 5.0) and 1.5 % (w/v) agar (Difco). The plates were incubated at 55 "C for 2-10 h and starch degradation was detected by spreading 10 mM-KI/I, solution on the plates. Zymography was used for the detection of amylase activity in SDS-polyacrylamide gels (Laemmli, 1970) as follows. After SDS-PAGE, the gel was washed in 50 mM-Na acetate (pH 5.0) for 15 rnin and laid onto a starch-agar plate. The plate was incubated at 55 "C for 10 h and the amylase activity was detected by staining the plate with 10 ~M -K I / I , solution. The pullulanase assay was based on the Somogyi-Nelson method (Nelson, 1944; Somogyi, 1952) that detects the quantity of reducing sugars released during the hydrolysis of pullulan. The reaction mixture contained 0.5 YO pullulan (Sigma) in 0.15 mM-Na acetate buffer (PH 5.0) and 5 m~-CaCl,. The reaction was allowed to proceed at 55 "C except in the case of temperature optimum determination where the reaction temperature varied from 25 to 75 "C. The pullulan plate assay was used for rapid screening of pullulanase activity. The pullulan plates were similar to the starch plates but 0.2% pullulan was added instead of starch. Samples were applied onto the pullulan plates and incubated at 55 "C for 18 h. Pullulan degradation was detected by spreading the plates with 94% (v/v) ethanol, followed by incubation at 4 "C for 2-4 h. Transparent haloes around the holes, against the white background, indicated pullulan hydrolysis.
Purification of the enzyme and determination of peptide sequences. Plate cultures of B. acidocaldarius were suspended in 0.5 M-Na acetate (PH 50), incubated for 30 min at 4 "C, and the cells were removed by centrifugation at 8000 g for 20 min. The supernatant was centrifuged again at 40000 g for 30 min and proteins of the cleared medium were precipitated at 0 "C for 30 min by slow addition of (NHk),SO, to a final concentration of 70% (w/v). The precipitate was collected by centrifugation at 10000 g for 20 min. The pellet was dissolved in 20 mM-Bis-Tris (pH 5.8), applied onto a Bio-Gel P-200 (Sigma) column (1.5 x 45 cm), and eluted with the same buffer. Fractions containing amylase activity were pooled and concentrated by ultrafiltration in a Novacell-Omegacell apparatus (Filtron). The concentrate was rechromatographed in a Superose 12 HR 10/30 column (Pharmacia, Sweden) in 20 mM-Bis-Tris (pH 5.8). Fractions containing amylase were concentrated as above. The proteins were further separated by 10% SDS-PAGE. The gel was treated with 1 M-KCl to visualize protein bands and the band corresponding to the amylase activity was excised. The protein was electoeluted from the gel using an ISCO model 1750 electrophoretic concentrator as described elsewhere (Kalkkinen, 1986) . The eluate was freeze-dried and the solid material was dissolved in 50 mM-Tris/HCl (pH 9.0). Lysylendopeptidase (Wako) was added to a final concentration of 3 pg ml-' and the mixture was incubated at 30 "C for 18 h. The resulting peptides were separated by reverse phase chromatography on a Vydack 218 TPB5 (0.46 x 15 cm) column connected to a Varian 5000 liquid chromatograph. The peptides were eluted using a linear gradient of acetonitrile (0-60 YO in 90 min) in 0.1 YO trifluoroacetic acid.
For N-terminal amino acid sequence analysis, amylase was transferred electrophoretically onto a polyvinylidene difluoride membrane (Mozdzanowski & Speicher, 1990 ) and sequenced in a gas/pulsedliquid sequencer (Kalkkinen & Tilgmann, 1988) . The purified peptides from the lysylendopeptidase digestion were applied on polybrene pretreated fibreglass filters and sequenced.
Determination of the isoelectric point. Chromatofocusing was performed using Mono P 5/20 column according to the manufacturer's instructions (Pharmacia). a-Amylase activity and pH of each fraction was measured. Isoelectric focusing was done on 1 YO agarose gels containing pH 3-10 ampholyte (Pharmacia). The enzyme activity was detected by zymography. In isoelectric focusing, standard proteins (PI range 3-5-9.3) by Pharmacia were used. For isoelectric point determinations the enzyme was eluted from the B. acidocaldarius cells by Na acetate and precipitated by (NH&SO, (see above).
Determination of pH optimum. Enzyme activity of the Na acetateeluted proteins of B. acidocaldarius cultures was measured using the Phadebas amylase test at 37 and 60 "C in 0.1 M-citric acid, 0.2 MNa,HPO,. The pH range was 2-7 in steps of 1 pH unit.
DNA methods and sequence analysis. The IgtlO gene bank of B. acidocaldarius ATCC 27009 chromosomal DNA was constructed as follows. Chromosomal DNA from B. acidocaldarius was isolated according to Marmur (1961) . The DNA was digested partially with HaeIII. DNA fragments of 5.0 to 6.5 kb, collected from an agarose gel, were methylated with EcoIU methylase and ligated to EcoRI linkers, and inserted into EcoRI-digested IgtlO using Amersham cDNA cloning system according to the instructions of the supplier.
Hybridizations were done as described previously (Koivula et al., 1991) . Sequencing was performed by the method of Sanger et al. (1977) and both strands were sequenced. The oligonucleotides (Table 1) were synthesized with an Applied Biosystems DNA-synthesizer Model 381A. Plasmid purifications, DNA digestions and other DNA manipulations were performed according to established methods (Sambrook et al., 1989) .
The nucleotide sequences derived from sequencing gels were assembled with the ASSEMGEL program of the PCGENE sequence analysis package (Intelligenetics). Protein sequence databases were searched with the FASTA program (Pearson & Lipman, 1988) . Amino acid sequences were aligned with the BESTFIT program of the GCG package (Devereux et al., 1984) .
Results and Discussion
Characterization and puri3cation of the t her m oac idop h ilic amylase of B. acidocaldar ius
Previously, no amylase activity had been observed in culture supernatant when B. acidocaldarius was grown in liquid culture, but amylase activity could be released from cells grown on plates by washing with 0.5 M-Na acetate buffer (pH 5.0) (Boyer et al., 1979) . This suggests that the protein is associated with the cytoplasmic membrane or cell wall at least under the growth conditions tested. We also isolated amylase activity by washing cells grown on plates. The proteins eluted from B. acidocaldarius cells by 0.5 M-Na acetate were precipitated with (NH,),SO,, subjected to SDS-PAGE and Bacillus acidocaldarius amylase 240 1 molecular mass of the amylases from two other B. acidocaldarius strains has been shown to be approximately 67 kDa (Buonocore et al., 1976; Kanno, 1986) .
Peptide sequences from the puriJied 90 kDa polypeptide SDS-PAGE was performed to separate the 90 kDa and 160 kDa proteins for N-terminal sequence analysis, but only the 90 kDa protein could be purified in sufficient amounts. The separated protein was electrotransferred onto a polyvinylidene difluoride membrane and sequenced. A single amino acid sequence of Asp-Ile-AsnAsp-Tyr (DINDY) was obtained. Furthermore, eight peptides cleaved by lysylendopeptidase from the 90 kDa protein were purified and sequenced (Fig. 2) . The sequences Of the peptides were determined to design oligonucleotide probes for the cloning of the gene. analysed by zymography. This assay revealed two bands with apparent molecular masses of 90 and 160 kDa ( Fig.  1 ). The same bands of starch degradation were observed when SDS-PAGE was performed under non-reducing conditions (data not shown). Therefore, the 160 kDa form was apparently not a disulphide-linked dimer of the 90 kDa form. The amount of protein in the 90 kDa and 160 kDa bands was approximately the same, yet the starch-degrading activity of the 160 kDa protein was much higher (Fig. 1) . Thus, the 160 kDa form appears to have a much higher specific activity, assuming that both proteins are refolded with similar efficiency. Several attempts to separate the proteins by chromatography failed due to low expression levels and poor recoveries of the proteins. In chromatofocusing and isoelectric focusing followed by zymography, the 90 kDa and 160 kDa polypeptides were detected as a broad peak and a band, respectively, at PI 4.8 (data not shown). The measurement of amylase activity of the cell wash medium at different pH gave a symmetric curve with a relatively sharp optimum at approximately pH 4.8 (at 60 "C). The optimal pH reported by Boyer et al. (1979) was 4.5. The amylase activity was fourfold higher at 60 "C than at 37 "C. According to Boyer et al. (1979) the optimal temperature for the amylase was 60-63 "C.
The relationship between the 90 kDa and 160 kDa amylases was not clear. The results obtained by chromato focusing and isoelectric focusing are consistent with the possibility that the two amylases may either be closely related or the smaller amylase could be a breakdown product of the larger. The molecular mass of the B. acidocaldarius ATCC 27009 amylase had not been determined previously but the protein was retained by a 30kDa cut-off membrane (Boyer et al., 1979) . The
Cloning of the amylase-encoding region
The amylase-encoding region was cloned as two fragments: C fragment and N fragment (Fig. 3) . First, the C fragment was cloned from a AgtlO gene bank of B. acidocaldarius chromosomal DNA by plaque hybridization. The oligonucleotide 371 (Table 1) was synthesized according to the deduced DNA sequence of one of the lysylendopeptidase-cleaved peptides (Table 1, Fig. 2 ). It hybridized with six plaques out of 7000 screened. Restriction enzyme digestions of the DNA revealed that the inserts of four clones were of the same size (4-3 kb). One of the cloned regions was sequenced from M13-based constructs. According to the sequence, the cloned region (C fragment) was 4.2 kb long and contained an ORF of 1177 amino acids (aa) with no complete N terminus (Figs 2 and 3 ). In the middle of the fragment the amino acid sequence DINDY, the N terminus of the 90 kDa protein, could be recognized (bp 4692, Fig. 2) . The size of the polypeptide, deduced from the DNA sequence, starting with DINDY is 92 kDa; hereafter the smaller amylase is designated the 92 kDa amylase. However, the ORF continued to the 5' end of the C fragment, which indicated that the 92 kDa amylase is most probably a cleavage product of a larger protein.
The N fragment was thereafter cloned from the A bank. One clone out of 6000 was found to hybridize with oligonucleotide 393, but not with oligonucleotide 395 (Table 1) . This clone contained two EcoRI fragments, 3.5 and 1.1 kb in size. The 1.1 kb fragment was part of the C fragment but the 3-5 kb fragment was not (cf. Fig. 3 ). The nucleotide sequence of the 3-5 kb fragment (N fragment) was determined. According to the sequence, the N fragment was 3.7 kb long and contained a short ORF of 123 codons at the 3' end. The reading frame of . Amylase
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Two approaches were used to verify that the separately cloned N and C fragments were colinear in the B. acidocaldarius chromosome and that they had been cloned without rearrangments. First, PCR with oligonucleotides 417 and 436 (Table 1) was used to isolate the region joining the N and C fragments from the chromosome. A fragment of 1 kb was obtained and the
Nucleotide sequence of the amylase gene
The entire sequenced region was 7872 bp long (Fig. 2) . The coding region for the amylase was 3903 bp, corresponding to a protein of 1301 aa (Fig. 2) . Four basepairs upstream from the putative translation initiation codon (at bp 3297) a sequence similar to the 3' end of the 16s rRNA of B. subtilis was recognized and this could serve as a ribosomal binding site (RBS). Further upstream a putative promoter, with -35 (TTGACG) and -10 (TATAAT) regions, was found.
The molecular mass of the protein encoded by the ORF, 140 kDa, is in reasonable agreement with the size of the larger amylase observed in zymography (160 kDa). Hereafter the protein encoded by the entire ORF is designated the 140 kDa amylase. The amino acid NPl CGT AmyC Fig. 4 . Comparison of the B. acidocaldarius 140 kDa amylase with selected polysaccharide-degrading enzymes. The matrix was generated with the COMPARE program of GCG sequence analysis package (Devereux et al., 1984) . The length of stretches compared (window) was 30 aa, and 15 identical aa in the window (stringency) led to a dot. Vertical axes: B. acidocaldarius amylase. Horizontal axes : Apu, a-amylase-pullulanase ; Npl, neopullulanase ; MalZ, maltodextrin glucosidase ; CGT, cyclodextrin glucanotransferase ; AmyC, a-amylase C (for references see Table 2 ). The entire sequences have been compared. The numbers along the axes indicate the residues of the sequences.
sequence of the N terminus from the 92 kDa protein was found within the coding region (at aa466). It is noteworthy that the eight internal peptides of the 90 kDa amylase were found in this 140 kDa ORF (Fig. 2) . There is no putative RBS or promoter upstream from the N terminus of the 92 kDa amylase, which is consistent with the concept that the smaller amylase may be a cleavage product of the larger. The calculated PI of 4.1 for both the 92 and 140 kDa proteins was slightly lower than that obtained in experimental analysis of the two amylases (PI 4.8, see above). There is also a putative signal sequence at the N terminus of the 140 kDa amylase (Fig.  2) .
The 140 kDa amylase appears to be a-amylasepullulanase
The amino acid sequence encoded by the amylase gene was compared with the sequences of the protein database. The search revealed that the 140 kDa protein was similar to several polysaccharide-degrading enzymes (Table 2 , Fig. 4 ). The closest relative was found to be the a-amylase-pullulanase (Apu) of Clostridium thermohydrosulfuricum (Melasniemi, 1988 ; Melasniemi et al., 1990) . The region of similarity between these two proteins covers nearly the entire length of both sequences (Table   2 , Fig. 4) , and there is up to 60 YO amino acid identity in two stretches of over 70 aa. It is also noteworthy that the size of the C. thermohydrosulfuricurn Apu is 1475 aa, i.e. quite close to the size of the 140 kDa amylase (1301 aa).
The high degree of similarity between these two proteins suggests that the 140 kDa amylase of B. acidocaldarius is a-amylase-pullulanase. When the B. acidocaldarius 140 kDa amylase is aligned with the C. thermohydrosuIfuricum Apu, the homologous .
. (Melasniemi et al., 1990) . The region of B. acidocaZdarius amylase that covers the N terminus of the 92 kDa amylase is underlined. Identical (I) and closely related (:) amino acids, with a comparison value 2 0.5 in the BESTFIT mutation data matrix (Devereux et al., 1984) , are indicated.
region continues well beyond the N terminus of the 92 kDa protein (Figs 4 and 5) . Furthermore, the exact N terminus of the smaller amylase (DINDY) is located in a small gap of the Apu sequence (Fig. 5) . Usually the insertions and deletions are located on the surface of a protein (Siezen et al., 1991) which suggests that the N terminus of the 92 kDa protein may be located in a loop on the surface of the 140 kDa amylase. Therefore this site could be susceptible to some proteases. There are no data available of the proteases of B. acidocaldarius, but subtilisin, a common protease in Bacillus spp., cleaves, for example, after Gln (Wells & Estell, 1988) , which is the residue preceding the N terminus of the 92 kDa protein.
Accordingly, the sequence comparison gives further support to the notion that the 92 kDa amylase may be a cleavage product of the 140 kDa amylase. Part of the 140 kDa protein is similar to several amylases, of which the Dictyoglomus thermophilum a-amylase is the most closely related (Table 2 ). It is noteworthy that the region of similarity (aa 535-1078) is included in the 92 kDa protein, which also has amylase activity even though the specific activity of the 92 kDa protein is lower than that of the 140 kDa amylase (Fig.  1) . Except for the Apu protein, no other proteins in the protein sequence databases were found to be similar to the N-terminal region (aa 1-500) of the B. acidocaldarius amylase.
Tests to show pullulanase activity
The observation that the B. acidocaldarius 140 kDa amylase was closely related to C . thermohydrosulfuricurn a-amylase-pullulanase motivated us to study whether B. aciducaldarius amylase has pullulanase activity. First, we tested whether the cell wash medium of B. acidocaldarius plate cultures contains pullulanase activity. A sample of cell wash medium was incubated with pullulan and reduced sugars were detected by the Somogyi-Nelson method. A blue colour was detected which indicated that pullulan was hydrolysed by components present in the sample.
If the B. acidocaldarius amylase is also a pullulanase, both enzyme activities would be expected to have similar dependency on temperature : inactivation of the enzyme would cause concomitant loss of both activities. In a crude preparation the effect of temperature on the pullulanase and amylase activities were found to be similar (Fig. 6) .
To show that the pullulanase activity observed in the cell wash medium is associated with the amylase, we made further efforts to purify the enzyme. The cell wash medium was fractionated in a Biogel P-100 (Bio-Rad) gel filtration column in 50 mM-Na acetate buffer (PH 5) and 5 mM-CaC1,. The pullulan-and starch-degrading activities of the fractions were detected semiquantitatively with pullulanase and amylase plate assays. Both activities were detected in the same fractions (data not shown). These biochemical results are consistent with the concept that the B. aciducaldarius amylase also has pullulanase activity, even though the proof is not definite.
The purification of the amylase was hampered by small amounts of the protein. The isolation of the amylase by plate cultures was time-consuming and laborious. Therefore we tested whether the enzyme could be isolated from the supernatant of the liquid culture medium. The liquid culture medium described by Darland & Brock (197 1) was supplemented with 3-5 YO soluble starch (Difco) and 0.25% maltose and the cells were grown in a shaker at 50 "C for 1-2 d. Amylase activity was released into the culture supernatant ; however, the yields were comparable to those in the plate cultivation. It is noteworthy that the C. thermohydro- sulfuricum Apu is released to the culture medium, or associated with the cell surface, depending on the type of carbon source used in the medium (Melasniemi, 1987) . The sequence of the B. acidocaldarius amylase does not reveal any membrane-anchoring sequence, suggesting an association with the cell wall rather than hydrophobic attachment with the cytoplasmic membrane.
ORF2 is homologous with the maltose-binding protein of E. coli
There is an ORF, ORF2, downstream from the amylase gene (Fig. 2) . ORF2 lacks the 3'-terminal region of the putative gene. There are two possible RBSs upstream from the putative initiation codon (ATG at 7332 bp). The protein encoded by ORF2 has significant similarity to MalE, the maltose-binding protein of E. coli (Fig. 7) . In E. coli MalE is a periplasmic protein which partici-pates in maltose transport (Hengge & Boos, 1983; Spurlino et al., 1991) . There is no promoter nor transcription terminator in the region between the amylase gene and ORF2 which suggests that the MalE homologue may belong to the same operon with the amylase gene. E. coli MalE contains a signal sequence, whereas there is no typical signal sequence in the N terminus of ORF2. It seems possible that the ORF2 protein is bound to the cell membrane of B. acidocaldarius and participates in the transport of maltose into the cell. To our knowledge there are no previous reports indicating the location of a maltose transport component in a same operon with amylase.
An attempt to express the amylase gene in B. subtilis
Our preliminary attempt to express the amylase gene in B. subtilis was not successful. The entire gene was assembled for expression into the pHPl3 vector (Haima et al., 1987) . pHP13 has low copy number in Bacillus which should minimize possible instability caused by the long insert and the large protein. The plasmid, which contained the gene for the 140 kDa amylase was transformed to B. subtilis BRB152 (Sibakov & Palva, 1984) but no starch-degrading activity was detected. Yet, the plasmid had suffered no obvious rearrangements according to restriction enzyme digestions. The inability of B. subtilis to produce the enzyme may be caused by several reasons. For example, the promoter may be nonfunctional in B. subtilis, or the enzyme may fold incorrectly at low temperature (37 "C) and neutral pH (pH 7) used in the cultivation.
Conclusions
The gene encoding an amylase from B. acidocaldarius was cloned and the encoded protein was found to be closely related to the a-amylase-pullulanase of C. thermohydrosulfuricum. It was concluded from the sequence data, with some support from experimental data, that the cloned gene encodes a-amylasepullulanase. We have been unable to purify the 140 kDa protein, the product of the cloned gene; yet, all the data are consistent with the concept that the 140 kDa protein is identical with the 160 kDa protein first observed in zymography, and the 92 kDa amylase is a cleavage product of this large protein. The 92 kDa protein appears to have lower amylase activity than the 140 kDa protein.
Note added in proof. The 160 kDa amylase of B. acidocaldarius ATCC 27009 has recently been purified. The 160 kDa amylase degrades pullulan with a rate that is approximately 100-fold lower than the rate of degradation of soluble starch (B. Brockschmidt & E. P. Backer, University of Osnabriick, FRG, personal communication).
